Please cite this article as: Bardella, G., Pani, P., Brunamonti, E., Giarrocco, F., Ferraina, S., The small scale functional topology of movement control: Hierarchical organization of local activity anticipates movement generation in the premotor cortex of primates, NeuroImage (2019), doi: https:// Abstract How neurons coordinate their collective activity for behavioural control is an open question in neuroscience. Several studies have progressively proven, on various scales, that the patterns of neural synchronization change accordingly with behavioural events. However, the topological features of the neural dynamics that underlie task-based cognitive decisions on the small scale level are not understood. We analysed the multiunit activity (MUA) from a multielectrode (96 channels) array of the dorsal premotor cortex (PMd) in rhesus monkeys during a countermanding reaching task. Within the framework of graph theory, we found that in the local PMd network motor execution is preceded by the emergence of hubs of anti-correlation that are organized in a hierarchical manner. Conversely, this organization is absent when monkeys correctly inhibit programmed movements. Thus, we interpret the presence of hubs as reflecting the readiness of the motor plan and the irrevocable signature of the onset of the incoming movement.
To quantitatively assess whether the emergence of negative correlations 157 is the signature of the impending movement generation and to monitor the Indeed, recent studies (Nicolini et al., 2017; Bordier et al., 2017) have 208 demonstrated that at this threshold, the optimal balance between informa-209 tion about network organization and statistical noise is realized (see 4 for 210 further details). Thus, we inspected the network topology at this threshold 211 and found that nodes with links (measured as Vertex Degree; VD; see 4) 212 that greatly exceeded the average value existed (see supplementary Figure   213 S3), consistent with the definition of hub nodes (Albert and Barabasi, 2002) . 
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A) Stop -Wrong Stop -Correct maximum distance between slopes). We then compared the experimental 250 slope with those that were obtained from the randomization. As reported 251 in Figure 6 , the slope of the observed percolation curve for wrong-stop trials 252 was outside of the 95% confidence interval of the null distribution for both 253 animals. For correct-stop trials, we found that Monkey P had a slope that 254 was well inside of the distribution of randomizations, thus confirming the 255 hypothesis that the network is maintained in a pseudo-random configuration.
256
For Monkey C, the slope was still reproduced by the null model but was 257 closer to the 95% confidence interval compared with Monkey P. However, the 258 absence of hubs led us to conclude that the state that the network expresses 259 during a correct-stop trial is a sort of a quiescent configuration, in which the 260 motor plan is not fully mature and thus cannot become a movement, because 261 no hubs take the lead. If, in that window, the hubs become active, the Stop 262 signal, even if it is presented, is ineffective. We believe that the emergence 263 of hubs is proof of spontaneous self-reorganization of the network from a 264 pseudo-random to more organized state in light of a forthcoming cognitive 265 decision (moving vs not moving). confirming that during correct-stop trials, the network lies in a meta-state 307 at the borders of randomness and is not fully mature (i.e., not organized).
308
To check for the stability of the functional structure observed we repeated We also applied percolation analysis to the network of positive correla-320 tions, finding that its topology was less informative than that of negative 321 correlations because their topology does not show presence of hubs orga-322 nized in a hierarchical manner. Except for the presence of the hubs that 323 had already been identified in the analysis of negative correlations, we failed 324 to observe other specific topological signatures (e.g., the VD distributions shows no evidence of hubs; see supplementary Figure S11 ). Further, we lations. They represent the largest change in neuronal activity in delayed 361 reaching tasks (Pani et al., 2014; Sussillo et al., 2015; Kaufman et al., 2016; 362 Churchland et al., 2012) and as such are believed to correspond to the pas-363 sage from stable preparation to movement generation. Similar phenomena,
364
compatible with an attractor-like dynamic, have also been observed in the 365 MUA during the same task (Mattia et al., 2013; Marcos et al., 2013) . In 366 all of these studies, the latency between the start of the population dynamic 367 and the movement onset is 100-150 ms in a window that is compatible with 368 the anti-correlation patterns that we detected.
369
In our study, neural activity was recorded at a roughly constant depth imately 15%) experienced decreased activity before movement generation.
378
The evidence of anti-correlation between recordings in our study suggests 379 that, thanks to the larger spread of MUA in the cortical layers, we have been 380 able to sample activity from deep layers. However, results also suggest that 381 the location of the tip on the electrodes array is definitively too superficial.
382
In fact, when the network was observed more locally by analyzing single 383 units, the topology was lacking of an organization based on the presence of 384 different populations in anti-correlation.
385
The MST results suggest that the hubs of anti-correlation that we de- as an intrinsic property of the system.
431
To the best of our knowledge, this report is one of the few studies that convolving the spike train with an exponential function mimicking a postsy-585 naptic potential.
586
As a convolution function we used the following kernel K(t):
where τ g = 1ms corresponds to the growth phase of the synaptic potential, 587 and τ d = 1ms to the decay phase (Scangos and Stuphorn, 2010) .
588
For our analysis we selected units that showed an increase/decrease of 589 the average firing rate before movement onset (pre-RT, from -300 ms to 590 movement onset), compared to the 200 ms before Go signal (pre-Go) or for 591 at least one movement direction (Wilcoxon rank-sum test P < 0.01). We first analysed the activity profiles of each recording site. To obtain 594 a uniform view of the changes in MUA levels, we normalised the activity of 595 each channel with respect to its maximum value (see Figure 2 ). To exam-596 ine the local network organization in the PMd, we constructed a functional 597 network that represents the synchronisation between the MUAs that were 598 recorded by the electrodes of the array. To this end, we used the Pearson 599 correlation coefficient C, because it is one of the best-known methods for 600 calculating synchrony by cross-correlation and because we wanted to focus 601 on the simplest type of relationship between the signals that were recorded 602 from the electrodes: the linear correlation.
603
For two time series, X i (t) and X j (t), at times t, in a 0 lag condition the C ij is calculated as follows: 
